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Abstract 
 X Ray Photon Correlation Spectroscopy, XPCS, is a novel technique developed for the study of 
slow dynamics in condensed matter. The principle of this technique is based on the time variations 
of the speckle pattern originated by the scattering of coherent light from a material with spatial 
inhomogeneities. Although laser photon correlation spectroscopy was long established, XPCS has 
only been possible with the advent of new synchrotron radiation X-ray sources that can provide 
sufficient coherent flux. The results from these techniques and future perspectives in the field of 
polymer science are discussed here.  
 
The macroscopic properties of polymer materials are determined by the interplay between different 
processes that occur in a wide range of time and length scales. From a structural viewpoint, 
polymer materials are complex. The constituent repeating units, i.e., the monomers lay in the 
nanometer range, whereas the size of a whole polymer chain, characterized by its radius of gyration 
(Rg) might be around several tenths of nanometers. Besides, polymer chains in bulk are typically 
coiled and entangled with each other forming a network. This structural hierarchy is also 
accompanied by a very wealthy dynamics ranging from fast processes like bond vibrations, in the 
picosecond regime, passing on the segmental dynamics range, in the millisecond range, to the flow 
of the polymer melt with characteristics times that may achieve the seconds range. 
This broad range dynamics has been traditionally explored by a combination of methods. Among 
them, one can distinguish between those that explore the dynamics macroscopically, without 
considering the length scale of the motion, and those that provide also spatial information related 
to the dynamic process. Examples of the first class are infrared and Raman spectroscopies that 
study bond vibrations [1, 2], or broadband dielectric spectroscopy that allows the investigation of 
slower processes, like the alpha relaxation associated to the glass transition [3]. Among the methods 
that provide space/time resolution at relevant scales for polymer dynamics, neutron scattering 
techniques have been the most used, since besides the spatial resolution, deuterium labelling adds 
selectivity and allows to study motions of particular groups or segments from complex polymer 
  
materials [4]. The study of polymer dynamics by light scattering techniques, although in principle 
tempting, has had more limited applications because of several reasons, as discussed below. Of 
particular interests are techniques such as light photon correlation spectroscopy (LPCS) which 
enable direct measurements of the dynamic structure by using time correlation functions [5] of the 
(fluctuating) scattered intensity. LPCS measures the dynamic structure factor over a wide temporal 
range, but at length scales of the order of 500 nm, limited by the wavelength of the light.  
 
 
 
Figure 1: Scheme of the space/time regime covered by different techniques: X-ray photon 
correlation spectroscopy (XPCS) photon correlation spectroscopy with visible coherent light 
(LPCS), Raman and Brillouin scattering, inelastic neutron (INS) and inelastic X-ray scattering 
(IXS), neutron spin-echo and nuclear forward scattering (NFS) 
For polymer materials this spatial scale is extremely large, and the technique is only useful to study 
polymer dynamics in few limited systems such as polymer solutions [6, 7] or extremely long 
molecular weight block copolymers.[8-10] Also, the technique is limited to transparent samples. 
The possibility of performing similar experiments with X rays has been hindered in the past by the 
lack of coherence of X ray beams. Synchrotrons are chaotic light sources and do not generate 
coherent (in space or time) wavefronts. However, with third generation high brightness (photon 
density in the phase space) synchrotron sources, it has been found that by spatial filtering through 
appropriate slits and pinholes in the beam path, and temporal filtering by using a monochromator, 
  
coherent X rays can be obtained. Unfortunately, this spatial and temporal filtering comes at a price 
and leads to important losses of intensity [11], but the high brightness synchrotron radiation (SR) 
sources can nevertheless be used for X-ray Photon Correlation Spectroscopy (XPCS), the analogue 
of LPCS with important applications in the study of the nanoscale dynamics of materials and in 
particular, in the study of polymer and other soft materials, as discussed below.  
Figure 1 shows a map of techniques with emphasis on the temporal and spatial scale that LPCS, 
XPCS and other scattering techniques can resolve. 
The spatial coherence of a photon beam is determined by the number of Gaussian “coherent 
modes” it contains. This is most conveniently quantified using a “phase-space” description of the 
source properties. For a monochromatic Gaussian source with wavelength λ, “one-sigma” source 
size σ and angular size σ’, which contains by definition one coherent mode, the phase-space volume 
is given by [12]: 
𝜎𝜎′ =
𝜆
4𝜋
. (1) 
This is essentially a diffraction limited coherent source. It thus follows that for a partially coherent 
source (such a SR source) with one-sigma size and angular size σ, σ’ the phase-space volume is 
larger (i.e. the beam contains more coherent modes or, equivalently, is less coherent) and we have a 
“Heisenberg-like” inequality [12] 
𝜎𝜎′ ≥
𝜆
4𝜋
. (2) 
It turns out that an equivalent of Liouville’s theorem holds and the phase-space volume of a beam 
is conserved by propagation, refraction, reflection, etc. which essentially means that the coherence 
of e.g. a SR beam is essentially a property of the source. The spatial filtering mentioned above 
consists in using only a part of the phase space volume and hence “throwing away” the remaining 
flux. One common scheme achieving that is through e.g. a set of slits limiting the angular size of 
the source. The size that such slits should have in order to provide a (often partially) coherent beam 
can define a coherence length in the horizontal and vertical direction, h and v. Simple geometrical 
arguments lead to [11]: 
𝜉ℎ =
𝜆𝑅
4𝜋𝜎ℎ
;        𝜉𝑣 =
𝜆𝑅
4𝜋𝜎𝑣
 (3) 
where  the light wavelength, σh and σv the (one-sigma) size of the source in the vertical and 
horizontal direction respectively, assuming a rectangular source, and R the distance from the source 
to the sample. Therefore, the further away from the source, the larger the transverse coherence 
length will be.  
  
Regarding the temporal coherence l, often called longitudinal coherence, this magnitude is 
inversely proportional to the bandwidth. Assuming a Lorentzian temporal spectrum, the expression 
for l is given by [11]: 
𝜉𝑙 ≈ (2 𝜋⁄ ) 𝜆
2 Δ𝜆⁄       (4) 
Because of expression (4), an extremely well monocromatized beam should be obtained in order to 
maximize l. 
With the transverse and longitudinal coherence lengths defined above, the coherent flux will be 
measured by the number of photons/s in a coherence volume V=hvl. Again, simple 
geometrical arguments lead to  
𝐹 = 𝐵𝜆2
Δ𝜆
𝜆
       (5) 
where the important quantity that was introduced is B,  the source brilliance which measures the 
number of photons per unit of time generated from the source per unit of source area per unit solid 
angle and per 0.1% fractional band width.[11]. In third generation synchrotrons, B is higher than  
1020 photons s−1 mm−2 mrad−2 (0.1% BW)-1 for photon energies around 8 keV allowing coherent 
scattering experiments to be performed. It should also be mentioned that at the most recent SR 
sources the brightness will be higher by more than one order of magnitude (or even several orders 
of magnitude, at lower energies) and this will lead to a tremendous expansion of the time scales 
accessible to XPCS. Indeed, the signal-to-noise ratio of the correlation functions measured by 
XPCS scales linearly with the source brightness but only with the power ½ of the shortest 
measured correlation time. As a consequence, an increase in the source brightness by one order of 
magnitude enables measurements with the same signal-to-noise ratio of dynamics 100 times faster. 
This fact is highlighted by the “projected” XPCS area in the phase space shown in Figure 1. 
Nowadays, the number of beamlines offering coherent light in synchrotrons is growing, not only 
for XPCS experiments but also other techniques are emerging that take profit of the possibility of 
selecting a part of the beam with the appropriate coherence characteristics. Table 1 shows a review 
of the operative coherent X ray beamlines that offer XPCS and the techniques available in them.  
Beamline Synchrotron 
Source 
Country Status Technique 
ID10CS ESRF France Operative XPCS/CXD 
8-ID APS Argonne USA Operative XPCS 
BL40_XU SPring-8 Japan In operation XPCS/CXD 
P10 Petra-III Germany In operation XPCS/CXD 
  
CHX (11-ID) NSLS-II USA Comissioning XPCS/CXD 
Table 1: List of some of the operative X-Ray beamlines that offer XPCS techniques. Some of them 
offer also Coherent X-ray Diffraction Imaging (CXD) 
A typical XPCS experiment. How does it work? 
When a coherent light beam interacts with a disordered system, the beam is scattering giving rise to 
a random diffraction or “speckle” pattern. The speckle pattern is related to the precise spatial 
arrangement of the disordered scatterers. The pattern can be then interpreted as the instantaneous 
diffraction pattern of the disordered system. If the same experiment is performed with a non-
coherent light beam, instead of the speckle pattern, an average over ‘many’ speckle patterns is 
observed. In an XPCS experiment a ‘movie’ is built by consecutive collection of an enough quantity 
of those instantaneous images. By analyzing how the intensity at a given position on the detector, 
i.e, at a given value of the q vector, varies from frame to frame, a intensity time-correlation curve 
can be obtained. Mathematically, 
𝑔2(𝑞, 𝑡) =
〈𝐼(𝑞, 0)𝐼(𝑞, 𝑡)〉
〈𝐼(𝑞, 𝑡)〉2
 (6) 
Where q=(4/sin() with 2 the scattering angle and <> denotes an ensemble averaged 
performed in this case of all equivalent times and possibly all equivalent pixels of an area detector. 
A schematic view of such an experiment is presented in figure 2.  
 
Figure 2: Scheme of an XPCS experiment. A partly coherent X ray beam interacts with a disordered sample, giving rise 
to an scattering speckle patterns. The distribution of speckles will depend on the exact position of the scatterers in the 
sample at a given time. In (a) the consecutive collection of such patterns provides information on the dynamical variation 
  
of the position of those scatterers. (b) represents the temporal intensity variations at  a particular q vector. In (c), the 
autocorrelation function of the intensity shown in (b) is presented.  
The characteristics decay times of g2(q,t) will correspond to characteristics relaxation times of the 
relevant dynamics (density fluctuations) of the system over the studied q-range. In other words, 
XPCS reveals the stochastic evolution of the disorder in a sample at the length scale related to the 
observed scattering vector.  
History of XPCS experiments and variety of investigated systems. 
In 1991, Sutton et al observed a speckle pattern from randomly arranged antiphase domains in a 
single crystal of the binary alloy Cu3Au using coherent X rays. [13] These experiments were 
performed at the beamline X25 at NSLS in Brookhaven National Laboratory. The first XPCS 
experiments demonstrating the feasibility of observing the motions of microstructures in polymer 
blends or colloidal systems were performed in 1995 by B. Chu et al. [14] at the X3 beamline and by 
Dierker et al. [15] at the same X25 beamline, both at NSLS. From that moment, XPCS experiments 
started to be reported mainly in the field of colloidal motions in concentrated samples [16-19], 
experiments unfeasible by PCS until that date due to high absorption and/or multiple scattering. 
Light scattering experiments were developed in parallel, to circumvent the problem of multiple 
scattering via cross correlations techniques using two colors and two (scattering) angles. [20, 21] 
While in the low volume fraction limit, the motion of colloids in a solvent is well described by a 
single particle Brownian model, at high concentration complex many-body effects emerge as a 
result of direct interparticle interactions as well as indirect hydrodynamic interactions mediated by 
the solvent. The advances in LPCS and XPCS allowed the study of such systems and in several 
cases, a direct comparison between the two techniques. For instance, from a two-color LPCS 
experiment performed on sterically-stabilized hard-sphere colloids, Segre and Pusey found that the 
short and long time diffusion coefficients scale with the structure factor [22]. However, Lurio et al. 
[19] questioned these results after performing XPCS experiments on charge-stabilized polystyrene 
latex spheres in glycerol and concluding that the long time scaling was different from that observed 
at short times. More recently, in a work which combined both LPCS and XPCS, Martinez et al. [23] 
demonstrated that both techniques deliver the same results, as shown in Figure 3, where the 
intermediate scattering function, that is, the Fourier transform of the time and space dependent pair 
distribution function, [24] obtained from the autocorrelation of the intensity is presented. 
Surprisingly, while confirming the scaling of the short-time diffusion coefficient with the static 
structure factor, the study of Martinez et al. [23] found no evidence of a collective long time 
diffusive regime. 
  
 
Figure 3. Intermediate Scattering Function of a colloidal hard sphere system of radius R=185nm, obtained from XPCS 
(open symbols) and light photon correlation spectroscopy LPCS (lines) at a given volume fraction and qR values 
indicated. Adapted from [23] with permission. 
The dynamics of concentrated hard-sphere suspensions was further studied using XPCS by Orsi et 
al. [25] where the authors established the limits of validity of the “Segre-Pusey scaling” [22] between 
the short-time and long-time diffusion coefficients mentioned above and compared their results 
both with theoretical predictions by the Mode Coupling Theory or numerical simulations as well as 
with the experimental results of Martinez et al. [23].  
In a subsequent investigation by Kwasniewski et al. [26], the concentration of the hard-sphere 
suspensions were further increased towards the putative “colloidal glass transition” where the long-
time diffusion becomes infinite and the suspension is expected to arrest in a non-ergodic glass 
phase. However, the authors did not observe such a transition as the samples remained ergodic 
even above the glass transition concentration. At the same time, they observed the onset of 
anomalous hyperdiffusive relaxation modes and deviations from theoretical predictions leading 
them to propose that at those concentrations, a new, non-thermal and most-likely stress-induced, 
relaxation mechanism appears and restores ergodicity. 
With the aim of investigating fluctuations arising from the glass transition in undercooled liquids, 
and with the idea of increasing the X ray contrast, the dynamics of nanoparticles in an undercooled 
liquid was also studied by XPCS. [27, 28] In these studies it was observed that while at temperatures 
well above the glass transition the particles undergo Brownian motion, at temperatures close to the 
glass transition the dynamics of the particles became hyperdiffusive. XPCS has been extended to 
study bulk dynamics in more complex systems like lamellar phases in lyotropic systems [29], 
  
magnetic colloids [30-32] suspensions of nanometer-sized clay disks [33-35] depletion gels [36] and 
polymer systems, as will be described below.  
The development of XPCS opened the possibility of performing experiments in grazing incidence 
geometry, and therefore by choosing the incident angle, being selective on the depth of the sample 
to be explored. By selecting angles below the critical angle for total external reflection, the region 
studied corresponds just to a few nanometers into the surface. In such condition, the fluctuations 
on the surface are probed. On the other hand, by increasing the incidence angle, the X Ray beam 
penetrates into a larger portion of the sample and the inner dynamics is probed. In this way, 
overdampled capillary waves in undercooled glycerol surfaces [37] were detected and the behavior 
of them was described by using the bulk viscosity value, indicating that viscosity at the surface is 
not that different from that of the bulk material. Other studies on capillary waves in different 
liquids and liquid mixtures [38, 39] followed, showing the versatility of the XPCS in this field and 
the experiments were extended to complex systems like membranes [40] and polymers, as will also 
be described below.  
XPCS experiments on polymers 
Dynamics of polymers by XPCS using tracers. 
The glass transition phenomena is one of the most studied problems in polymer dynamics. XPCS 
in principle matches the time scale for the relevant modes that appears at temperatures above the 
glass transition. However, due to the weakness of the scattering signal at the position of the 
structure factor peak, it is not possible to study the dynamics in neat polymers, in the same way as it 
is not possible to do it in neat liquids. Therefore, the use of particles as tracers for the matrix 
dynamics, in low enough concentration to avoid particle particle interactions, is the approach of 
choice for these experiments. In this way, similarly to the approach mentioned above by Caronna et 
al. [27] for  the dynamics of propanediol, gold nanoparticles were used as tracers in low molecular 
weight polystyrene to study the polymer dynamics above its glass transition temperature (Tg) [41], 
where a transition from a diffusive motion of the nanoparticles at high temperatures to a 
hyperdiffussive behavior closer to Tg has been observed as well. The crossover between one and 
the other behavior is found to be around 1.1Tg. Similarly, Hoshino et al. [42] performed XPCS 
experiments on atactic polystyrene melts using polystyrene grafted silica particles as tracers. The 
idea behind using these peculiar tracers is to increase the interaction between the tracer and the 
polymer matrix. They obtain a crossover temperature of about 1.25Tg. The intensity-intensity 
autocorrelation function g2 expressed in equation (5) can be described by an exponential like 
function in the form:  
𝑔2(𝑞, 𝑡) = 𝛽exp[−2(Γ𝑡)
𝛾] + 1 (7) 
 
  
At high temperatures, g2 can be described by a stretched exponential (<1), whereas below the 
crossover, g2 is described by a compressed exponential (>1) (see figure 4). The authors attribute 
the sub-difussive behavior observed at high temperatures to the nanoparticles moving in a more 
constrained way than simple Brownian diffusion due to the entanglement effect of the polymer 
matrix and the chains attached to the nanoparticles.  
 
Figure 4. Normalized autocorrelation functions (symbols) measured at q = 2.15 × 10−2 nm−1 for the PS-grafted 
nanoparticles dispersed in a PS matrix at different temperatures. Solid lines are fitting curves for Eq. 5. Reprinted from 
[42] with permission of the American Physical Society 
The idea of the tracers was applied to investigate the role of filler−filler and the filler−matrix 
interactions in a cross-linked elastomer on the aging mechanisms under strain. [43] They used 
carbon black as filler, which presents a strong matrix-filler interactions, or hydroxylated silica that 
interact with each other via H-bonding. In both cases the results revealed signatures of a jammed 
dynamics with compressed exponential and ballistic motion, although the exponents characterizing 
the aging were different in one and the other cases. Shinohara et al. [44] investigated the dynamics 
of silica particles in unvulcanized rubber and studied the aging behavior of the dynamics. They 
show that particles dynamics was slowing down with increasing aging time. This slowing down was 
not due to aggregation of the filler, and it did depend on the volume fraction of silica particles.  
Also, the gelation dynamics of a biopolymer has been studied by XPCS using silica nanoparticles as 
tracers.[45] In that work the authors found a stress-dominated dynamics as the system approached 
the gel state, characterized by a hyper-diffusive motion of the silica particles.  
  
More recently, the question on whether the filler or nanoparticles, more generally, the tracers, 
shows the same dynamics as the matrix has been tackled by studying by XPCS the slow dynamics 
of aerogels and nanocomposite aerogels.[46] In that work both aerogels formed through freezing-
drying of semi-interpenetrating polymer networks of alginate and poly(N-isopropylacrylamide) and 
nanocomposite of the same aerogels with iron oxide NPs present hyperdiffusive dynamics. The 
observed dynamics arises from the porous structure and not from the presence of the nanoparticles 
However, polymer aerogel nanocomposites exhibited longer relaxation times due to the interactions 
of the polymer chains with the nanoparticles.  
The same aerogels can be hydrated and form thermosensitive hydrogels that show a reversible 
hydration−dehydration change in response to small temperature changes around its lower critical 
solution temperature (LCST). Above LCST, the polymer gel collapses.[47] Because of the release of 
hydrophobic hydration, the LCST transition leads to dramatic changes in physical properties, such 
as mechanical, optical, and thermal properties. The hydrogels [48] exhibited a hyper-diffusive 
dynamics of similar nature as that found for the freeze-dried aerogels which had been attributed to 
their characteristic porous structure. The dynamics of the swollen samples was found to be faster 
than that of the freeze-dried ones suggesting that water has an effect in accelerating the dynamics of 
the hydrogels. Again in this case the presence of the iron nanoparticle is to slow down the observed 
relaxation. Regardless of the presence of the nanoparticles, the relaxation becomes slower as the gel 
deswelled. This fact can be inferred by observing the two-time correlation function G(q,t1,t2) (see 
figure 5). 
𝐺(𝑞, 𝑡1, 𝑡2) =
〈𝐼(𝑞, 𝑡1)𝐼(𝑞, 𝑡2)〉
〈𝐼(𝑞, 𝑡1)〉〈𝐼(𝑞, 𝑡2)〉
= 𝛽exp[−2(Γ𝑡)𝛾] + 1 (8) 
The variables describing the two-time correlation function are the average time or age, ta = (t1 + 
t2)/2, measured by the distance along the t1 = t2 diagonal and the time difference t = t1 − t2, which is 
the distance from the t1 = t2 diagonal in the perpendicular direction.  
At temperatures below LCST, the iso-intensity lines in plots G (q, t1, t2) show a decrease in the 
width perpendicular to the diagonal which indicates shorter characteristic times of the dynamics of 
the samples at these temperatures. Above LCST, the width perpendicular to the diagonal is larger 
indicating a slowing-down of dynamics with aging time. At the LCST (T = 32oC for this system) the 
two time correlation function depend only on the time difference t, and hence the two time 
correlation contour lines are parallel which is indicative of stationary dynamics. 
  
 
Figure 5: Two-time correlation function G (q = 0.0439 nm−1, t1, t2) obtained for a nanocomposite hydrogel at different 
temperature, below, at and above the LCST. Reprinted from [48] with permission from the American Chemical Society. 
The deswelling dynamics was also studied by XPCS in the case of hydrogels of poly(N-isopropyl 
acrylamide) [49, 50], where a compressed exponential decay and hyper-diffusive dispersion 
relationships were observed. The results show that the relaxation time below and above the LCST 
follows a q-1 dependence, characteristic of jammed systems.  
Very recently also the dynamics of polymeric nanocolloids moving through a highly viscous 
polymer matrix have been studied by XPCS. [51] The authors have observed an unusually large 
reduction of effective viscosity experienced by polymeric nanocolloids at temperatures well above 
the Tg of the matrix. The extent of reduction in effective interface viscosity increases with 
decreasing temperature and polymer film thickness.  
XPCS experiments in block copolymers and blends. 
Inspired by the studies of diffusion of nanoparticles in liquids by XPCS, in the late nineties, 
Mochrie and coworkers published a work on the dynamics of block copolymer micelles in a 
homopolymer matrix [52] where they found a wave-vector dependent inverse diffusion coefficient, 
in the case of both, spherical and worm like micelles. Yet, experiments on the dynamics of 
entangled polymer melts were reported [53], where, by XPCS, the authors studied the dynamics of 
compositional fluctuations and obtained that the measured relaxation times were consistent with 
predictions of the reptation model. Those works opened the road for investigating the dynamics on 
polymer self-assembled systems [54-56], from which, block copolymers are the more suitable since 
their structure had been intensively studied by Small Angle X Ray Scattering (SAXS)[57].  
In any two polymer mixtures A and B, either blends A/B or A-B block copolymers, composition 
fluctuations are behind the transition from the homogeneous-mixed state to the phase separated 
  
one, and this is evidenced by a maximum in the static structure factor S(q) at a finite value of the 
wave vector modulus q∗. The dynamics of such a transition from mixed to phase separated state in 
block copolymer have been described by the mean field theory for incompressible systems. The 
theory initially predicts that composition fluctuations relax via an internal chain mode, often called 
breathing mode with a relaxation rate that is independent of q. This mode arises from the relative 
translational motion of the center of mass of the blocks. Arising from the heterogeneity of 
composition along the chain another mode of diffusive character, and therefore showing a q2 
dependence is predicted.[7] These mode were extensively studied by LPCS in the nineties [7, 58-62], 
in block copolymer solution and in very large molecular weight block copolymer melts. Patel et al. 
[63] observed by XPCS a structural relaxation in disordered block copolymer melts that slowed 
down as the system is cooled down and it approaches the temperature of transition from disorder 
to order (TDOT). They consider that this observed relaxation arises from the diffusion of micelles in 
the block copolymer melt. Later, the same group investigated the dynamics by XPCS on samples 
quenched from disorder-to-order [64] and observed that the microscopic relaxation time, measured 
by XPCS, increases after all quenches, whereas only deep quenching into the order region produced 
evidences of ordering by other techniques like SAXS and rheology. They explained these 
observations by postulating the presence of nucleation barriers for the ordered phase. Recently, the 
slowing down of the breathing mode as the transition from disorder to order is approached has 
been also demonstrated by XPCS in diblock copolymers that exhibit a lower disorder-order 
temperature, i. e. systems that exhibits phase separation upon heating [65]. In that case, two 
different modes have been observed. At temperatures below the disorder to order transition, a non-
diffusive mode appears, associated with compositional fluctuations. This mode that becomes 
slower as the interaction parameter increases, in a similar way to the one observed for diblock 
copolymers exhibiting phase separation upon cooling. Above TDOT, the dynamics becomes 
diffusive; indicating that after phase separation the diffusion of chain segments across the interface 
is the governing dynamics. As the segregation is stronger (higher temperatures), the diffusive 
process becomes slower (Figure 6). 
  
 
Figure 6: Intensity-intensity autocorrelation function as a function of the elapsed time, obtained at the value q∗ of the 
structure factor maximum at different temperatures, upon heating from the homogeneous state (open symbols), and 
during subsequent cooling (filled symbols) at different temperatures. In the bottom panel, the characteristic relaxation 
time is presented as a function of temperature. Reprinted with permission from [65].  
It is worth pointing out that at the ordered or phase separated state, the autocorrelation function 
has a compressed exponential shape. This sort of exponential, that was also observed in polymer 
hydrogels and polymer aerogels[46, 48-50] appeared  in multicomponent polymer blends [66] at low 
temperatures. In both cases, this is an indication of jammed dynamics, since always appears in the 
situation where the dynamics is more crowded, i. e. lower temperatures in glassy systems and in the 
phase separated state in block copolymers and blends. 
Experiments on polymers in grazing incidence geometry.  
The study of capillary waves in thin polymer films by XPCS is relatively easy to tackle by using 
grazing incidence geometry since capillary waves in polymers, due to their high viscosity, present a 
slow motion that can be followed by slow-readout detectors. Kim et al. [67] studied, by XPCS, the 
surface dynamics on thin polystyrene films above the glass transition temperature. They described 
the measured surface dynamics by the theory of overdamped thermal capillary waves on thin 
viscoelastic films. Also, the data allowed them to obtain viscosity data that agreed with those of 
bulk PS. However, as the thickness of the film is decreased to dimensions comparable to the radius 
of gyration of the polymer, the conventional model of capillary waves on viscous liquids cannot 
  
explain properly the results observed by XPCS [68] and the effects of pinning of the polymer to the 
surface should be included. Following this idea, XPCS in Grazing Incidence Geometry has been 
used to elucidate the role of substrates on the surface wave relaxation times [69]. That work 
revealed that the dynamics of a polymer can be greatly affected by a neighboring immiscible system, 
especially close to the Tg of the polymer and that this effect can extend over large length scales, 
larger than those characteristic of the segmental dynamics, or even more, the polymer radius of 
gyration. In systems with molecular weight large enough to present entanglements, Jiang et al. 
studied by XPCS capillary waves dynamics at temperatures well above Tg, where they observe a 
single exponential decay that attribute to chain reptation, whereas at temperatures close to Tg they 
found a more local motion, that they identifies as Rouse dynamics.[70] These studies have been 
recently extended to polymers with different molecular architectures[71]. 
Recently studies of XPCS in grazing incidence geometry on nanoparticles-phospholipid layers have 
been published. [72] This study has biological relevance since the studied systems can be considered 
as model for nanoparticle diffusion through membranes  
The motion of tracers in buried systems have been recently followed by XPCS by Koga et al.[73] 
Through this method they obtained the viscosity of the free surface and found it to be about 30% 
lower than the bulk viscosity, attributing this decrease to the reduced number of entanglements in 
the surface. Grazing incidence geometry opens the door to the study of buried surfaces in 
multilayers systems.  
Yet XPCS has been employed to explore the in-plane dynamics of a buried interface in a polymeric 
bilayer [74], showing that its dynamics is similar to the slower mode dynamics observed at the top 
surface (i.e. at the polymer/vacuum interface).  
Another physical aspect of thin liquids layers in general and polymers in particular is wetting. It is 
known that wetting depends on the substrate topography. Recently, XPCS have been used to assess 
the surface dynamics of thin molten polystyrene films supported by periodically nanostructured 
silicon surfaces.[75] The authors probed that the surface dynamics on these nanostructures was 
highly anisotropy at certain length scales due to the substrate nanostructuration. Their results also 
probe the effect of topologic confinement on capillary waves and this technique can be used to 
investigate the effect of it on polymer-surface interactions.  
XPCS experiments performed under this geometry have been recently reviewed by Sinha et al. [76] 
Perspectives of XPCS in polymers science  
The examples depicted above show that XPCS technique applied to polymer science is at the 
beginning of its way, and that offers a wide variety of possibilities to study dynamic in polymers 
under different situations. The fact that new lines are being commissioned at the moment will 
  
provide future opportunities to performing experiments with complex sample environment, some 
of them are already being tested [77]. One of the limiting issues in XPCS is related to the radiation 
damage. The development of new sources that provides higher coherent fluxes, however, would 
also enhance this limiting aspect. However, there is hope, since in the last decade it was proved that 
it is possible to perform XPCS experiments using higher energy X-rays [78], that exhibit lower 
absorption and therefore radiation damage is reduced. However, this benefit is obtained as 
expenses of the decrease in the coherent flux, since it scales with the square of the wavelength (see 
equation 5), and therefore, high energy experiment shows a decrease in the signal to noise ration 
that impedes its use in most of the cases. With the advent of new low emittance storage, where the 
brightness and coherent fraction of the beam are expected to increase by orders of magnitude [79], 
the targets of XPCS experiments will immediately boost. The increase of the coherent fraction will 
allow XPCS measurements at much higher energies than possible today. In parallel to the reduced 
radiation damage, the lower absorption permits the use of thicker samples, increasing the signal-to-
noise ratio. All these aspects represent new opportunities for studying polymer systems where low 
contrast is observed, like dynamics of homopolymer melts and polymers in solution, dynamics 
during polymerization processes etc. 
Yet, the development of X Ray Free Electron Lasers (XFEL) will enhance the possibility of 
measuring dynamics at very short times down to the femtoseconds scale. This is possible because 
the coherent intensity of XFEL sources within a single lasing pulse of time length of the order of 
tenths of picoseconds is comparable to the average figures obtained at third generation 
synchrotrons. However, although XFELs are opening completely new and unexplored scientific 
areas thanks to their unprecedented flux, coherence, and time structures, the problem of radiation 
damage, which it is also present in third generation synchrotron sources, [80] is a major concern. 
Recent experiments on the dynamics of gold nanoparticles on a polymer melts suggest that the X 
ray induced damage and heating are less harmful than initially expected. [81] Still, several 
experimental strategies have been proposed for minimizing the effect of radiation at XFELs. One 
of them is based on single shots with an extremely high photon flux in a small beam size, what it is 
known as ‘‘diffract before destroy’’ regime, where the sample is irreversibly damaged but the 
experiment information is obtained before destruction.[82] Another approach, consists of using 
medium photon fluxes and beam sizes, assuring that the sample can survive for at least a few 
pulses, and damage is occurring only on a (small) spatial extent  still compatible with the 
experiment. Such approach will require the ability to change the illuminated volume, e.g. by using a 
flow device. All these methodologies are currently under development and their success will widen 
the possibility of measuring dynamics in polymer systems on (shorter) time and (smaller) length 
scales that are inaccessible today.  
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